We demonstrate a high-speed recording based on fieldinduced manipulation in combination with an optical reading of recorded bits on Au cluster films using the atomic force microscope (AFM) and the near-field scanning optical microscope (NSOM). We reproduced 50 nm-sized mounds by applying short electrical pulses to conducting tips in a non-contact mode as a writing process. The recorded marks were then optically read using bent fiber probes in a transmission mode. A strong enhancement of light transmission is attributed to the local surface plasmon excitation on the protruded dots.
I. Introduction
The application of the atomic force microscope (AFM) for data storage has been extensively explored for a high density recording of ~Tb/in 2 . A number of AFM writing and reading methods showing the µs recording time and nano-scale bit size were reported. However, contact problems such as tip instability, bit erasure caused by damage to the tip, or degradation of the media, still remain in realizing reliable and practical data storage using local probe technology [1] - [3] . Near-field scanning optical microscopy (NSOM) appears to be an alternative technology because sub-100-nm bits can be optically recorded and read in a non-contact mode [4] , [5] . However, due to the low-light throughput of an NSOM probe and the resultant low-data recording rate, it is still far from being practically used. Therefore, it seems pertinent to combine the high-speed writing capability of AFM with the advantages of non-degradable NSOM readout for the realization of reliable high density SPM data storage. We propose a hybrid nanorecording mechanism, which we call a multi-functional probe recording (MPR) technique, that combines AFM recording and an NSOM optical reading. In an ideal MPR system, recording and reading should be done with a single multifunctional probe, but in our preliminary experiment, recording and reading is performed with AFM and NSOM, respectively.
By using the MPR technique, we have an advantage in selecting the recording media because recording is not limited in the photonic mode. We made tens of nm-sized recording marks on gold films by applying short electric pulses to a conducting AFM probe. In order to minimize damage to both the tip and sample during the recording, we introduce a noncontact AFM configuration. This allows us to locally heat the Au surface using the field-emission current [6] from the sharp and hard W 2 C coated tip and to manipulate the Au atoms or clusters without a mass transfer between the tip and sample [7] , [8] . The recorded marks are then optically read out by using NSOM probes with a 100-nm spatial resolution.
II. Experiments
In the case of a Si substrate, we prepared a clean p-type Si (100) sample with a resistivity of 1 Ω-cm using repeated flashing at 1150 °C in a UHV (∼1×10 -10 Torr) chamber. We then transferred it to the deposition chamber. We evaporated Au onto the Si sample in the presence of an Ar background gas at a pressure of 0.3 to 3 mbar. As a result of collisions between the effusing Au atoms, or between small clusters and Ar atoms, a supersaturation of the metal vapor was produced leading to the nucleation and condensation of the uniform Au clusters. The average particle size is sensitive to evaporation conditions such as the pressure of the Ar background gas, evaporation rate, and the distance between the evaporator and the sample substrate [9] . The Au films could be deposited on a glass substrate by a plain evaporation method at a high vacuum of ~1×10 -7 Torr for the comparative study. As an adhesion layer, we deposited Ti of 1 to 2 nm prior to the deposition of the Au to enhance the adhesion between the SiO 2 film and the Au layer and to reduce the roughness of the Au surface. The Ti and Au were successively deposited using e-beam evaporation under an operation pressure of less than 10 -6 Torr on glass.The sample was then transferred to the AFM stage in air. Figure 1 shows the experimental layout. The experimental procedure consists of two steps, (a) AFM field-induced recording and (b) an optical reading by an NSOM probe. We modified a commercial AFM (PSIA CP-research) to carry out both operations. Because the application bias voltage was limited to up to ±10 V in our AFM system, we used an extra voltage amplifier to amplify the bias voltage to ±100 V in order to achieve the field. Commercially available W 2 C coated tips were used due to their hardness and high melting point. We recorded the sample current, amplified using an extra current amp, in a PC via the auxilary channel of an AFM control unit. The gap control between the probe and the sample surface was carried in general AFM noncontact mode using the vibrating cantilever under feedback control. The vibration frequency is typically set at 170 to 200 KHz. For the NSOM reading, a bent optical fiber probe (Nanonics) was installed in place of an AFM probe. We fabricated 100 × 100 × 15 µm mirrors and attached them on cantilever probes to improve the quality of the reflected laser beam. By doing this, the shape of the laser beam reflected from the micro-mirror on the cantilever probe edge became circular, providing enough intensity and sensitivity. As a result, we obtained sharp resonance peaks at 80 to 100 kHz with a Q factor of 50 to 100, showing that our bent NSOM probe is capable of non-contact mode imaging, just like ordinary AFM probes. We launched laser light, modulated at a few kHz for lock-in amplification, into the other end of the fiber and illuminated the evanescent light from the aperture of probe onto the sample. For the detection of transmitted light through the sample, we placed a small planar silicon photodiode (4 × 4 mm) under the sample. Our light detection system is quite simple, without the need of collection optics or a highly sensitive avalanche photodiode. The topography and the optical illumination image were simultaneously obtained. We used a 635-nm laser diode or 514-nm Ar ion laser for the NSOM reading. shows an AFM image of a granular 30-nm thick Au film. Upon depositing the Au at a background gas pressure of 0.3 mbar, a heater-sample distance of 5 cm, and a deposition rate of 0.3 nm/min, we uniformly distributed Au nanoclusters on the surface. The size distributions of the Au clusters are 25 nm in diameter and 10 nm in height at a nominal coverage of 30 nm estimated using a crystal thickness monitor. By applying a tip voltage pulse of -40V with a pulse duration of 100 msec under feedback control, the mounds, up to 90 nm in width and up to15nm in height, were created reproducibly, as displayed in Fig. 2(b) . The lines of 60 nm in width can even be reproducibly fabricated using a similar procedure. Figure 3 shows the example of the fabricated line structure. We fabricated both the line structure and the 60-nm lines using a tip voltage of -50 V and a continuous constant current of 50 pA, while moving the tip with a constant speed of 160 nm/s under feedback control along the line. The granular nature of the cluster network was preserved in dots and lines after the fabrication, showing that a non-contact fabrication mechanism was involved. For instance, the three clusters, a, b, and c shown in Fig. 2(a) , are found to be lifted and agglomerated into the mound in the upper-left corner of Fig. 2(b) , which is strong evidence of a field gradientinduced diffusion mechanism [10] without the event of contact between the tip and the sample. 
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Those fabrication events occur only when the current flows. The fabrication depends on the condition of the tip edge, such as its conductivity or shape, because the field emission current is very sensitive to the condition of the tip edge. In the case of highly conductive tips, the mounds could be formed very quickly with low bias voltages such as 20 to 30 V. But in this case, the fabrication of the line was impossible. This can be explained as fabrication interruption by the abrupt retract of the tips due to the contact between the protruding mounds and the tip itself in the presence of the feedback operation during the line fabrication. Accordingly, slow fabrication compared with the feedback response time (10 to 100 µsec) seems to be a criteria for a perfectly non-contact manipulation mechanism between the tip and the sample. The fabrication behavior is also sensitive to the kind of substrate matter. In the case of glass substrates, the fabrication is routinely possible in conditions of low bias and a short pulse duration. The tip voltage pulse of -20 to -30 V with a pulse duration of 20 to 100 µsec was found to be suitable for fabrication without serious damage to the tip's edge. The conductivity difference is not a plausible origin of the fast writing in a glass substrate because the film resistance is nearly same in both films (up to 5 Ω).
Field emission-induced local heating and concurrent field gradient-induced diffusion are the most probable mechanisms for the formation of nanoscale mounds. Figure 4 shows the schematics for the non-contact, field-induced fabrication mechanism of a mound structure. The local temperature in the area covered by the flow of field-emitted electrons from the sharp tip increases, as shown in Fig. 4(a) , and the Au clusters or atoms can move toward the tip on the surface [7] . Finally, the mound structure composed of the migrated clusters or atoms is formed, as shown in Fig. 4(b) . The point contact or field evaporation is not a plausible mechanism for a mound formation because the formation of the craters or pits are not observed as such in typical Au surfaces with hard tungsten tips [11] . Also, the current is not as large as in point contact during the fabrication. Likewise, in the case of reverse polarity, we found the fabrication of the mounds does not reliably occur, and the critical bias voltage is larger than in the case of a negative tip bias. The substrate dependence of the fabrication can be explained by the difference of heat dissipation in each material. Because the thermal conductivity k of glass (0.014 Wcm
) is much lower than that of Si (1.48 Wcm [12] , the local temperature in the e-beam area could be highly enhanced. We roughly estimated the local temperature increase ∆T to be 22.7 K in the case of a glass substrate [13] the lower bias voltages in the glass substrate can be explained as the distinct increase in local temperature, which is induced by the suppression of the heat dissipation.
NSOM Reading
Such fabricated mound structures on glass can be used as the information recording marks for an NSOM reading because they are morphologically protruded on a nanometer scale, and the optical transmission on the nanoscale mounds are significantly enhanced due to the surface plasmon coupling on the protruding structures [14] . After formation of the recording marks, we mounted the sample on an NSOM setup and changed the tip from a standard AFM probe to a bent optical fiber probe. Figure 5 displays three images of typical recording dots on a glass substrate: (a) a topography using an AFM probe, (b) a topography using an NSOM probe, and (c) an optical transmission generated using a bent optical fiber probe. It should be noted that the array of recorded dots appear as bright spots in an optical transmission image with a spatial resolution of about 100 nm [15] . We estimate the optical signal increase at the mark to be 30% of the background signal. To make sure the observed optical contrast is not made up of the artifacts caused by cross-talk due to tip movement, we performed a "constant height mode (CHM)" NSOM, where the probe keeps the same height rather than following the surface corrugation, such as in "constant gap mode (CGM)" [16] , [17] . The bright spot was Optical image (fiber probe) Fig. 6 . An NSOM optical transmission image on a selected dot by using both a constant gap mode and constant height mode, respectively.
Constant height mode
Constant gap mode still observed in the CHM with the same intensity as in CGM, confirming that the observed bright spots make up a real optical contrast, as shown in Fig. 6 . Of interest is the enhancement of light transmission at the recording marks. One possible explanation is the excitation of surface plasmon on the recording marks, where the evanescent field emanated from the probe is coupled to the surface plasmon on the recording marks and re-emitted as a propagating wave to the far field [18] , which also results in a throughput enhancement of the NSOM probes [19] . Such a role for the surface plasmon in NSOM imaging, as found in the field enhancement around metal mounds, has been extensively investigated [18] . To confirm the existence of surface plasmon, it would be necessary to obtain a full absorption spectra over a broad wavelength range and look for the scattering resonance [20] .
As a preliminary investigation, we used two lasers of different wavelengths, 635 and 514 nm, for NSOM readings of a selected array of recording dots, and compared the resultant NSOM optical images. The result is displayed in Fig. 7 . The images in Figs. 7(b) and (c) are obtained using a 635-nm laser diode and a 514-nm Argon ion laser. Both images look almost the same except that in Fig. 7(b) , the brightest spot is the uppermost small recording dot a while in Fig. 7(c) the lowermost large recording dot b looks the brightest. We found that there is no serious heterogeneity in the NSOM images except for a slight time-dependent variation of the PD signal.
The upper area has a brighter background compared to the lower area in Figs. 7(b) and (c) due to the time dependent variation. But the contrast change manifests from the dramatic difference between the brightness of dots a and b under the similar aspect of the brightness gradient of the background. The evidence of an absence of serious heterogeneity can be found in our previous papers showing NSOM images using the same detector [14] , [15] . The varying optical images with an incident laser wavelength reveals that the optical contrast of the NSOM images is dependent on the wavelength of the incident light, implying a resonance behavior. Further investigation will be needed to fully understand the plasmon excitation mechanism on the recording marks. (a) an AFM tography, (b) an NSOM image using a laser diode at 635 nm, and (c) an NSOM image using an Ar ion laser at 514 nm. It should be noted that the change of laser wavelength leads to the different optical contrast at each recorded dot, a and b, which is probably due to the variation of the dot shapes. 
IV. Conclusion
We have devised a new reliable recording mechanism based on field induced electron emission and a concurrent migration of atoms and clusters on metal films without a contact process between the tip and sample materials. This non-contact mechanism has advantages such as the minimization of damage or consumption of tip matter over the previously devised field evaporation and contact mechanism. They can be applied to an MPR technique that combines high-speed AFM recording with an optical reading using NSOM. As a preliminary result, we produced sub-100-nm recording marks on gold granular films by applying an electrical voltage to W 2 C coated probes in AFM NC mode, and used NSOM for an optical reading with a 100-nm spatial resolution. We observed an enhancement of the optical transmission on the recording marks possibly due to the local surface plasmon excitation. For completion of the MPR technique, the recording and reading processes demonstrated here need to be integrated into a single process by developing MPR probes capable of both AFM recording and NSOM reading.
